Stem and embryonic cells facilitate programming toward multiple daughter cell fates, whereas differentiated cells resist reprogramming and oncogenic transformation. How alterations in the chromatin-based machinery of epigenetic inheritance contribute to these differences remains poorly known. We observed random, heritable changes in GAL4/UAS transgene programming during Drosophila ovarian follicle stem cell differentiation and used them to measure the stage-specific epigenetic stability of gene programming. The frequency of GAL4/UAS reprogramming declines more than 100-fold over the nine divisions comprising this stem cell lineage. Stabilization acts in cis, suggesting that it is chromatin-based, and correlates with increased S phase length. Our results suggest that stem/early progenitor cells cannot accurately transmit nongenetic information to their progeny; full epigenetic competence is acquired only gradually during early differentiation. Modulating epigenetic inheritance may be a critical process controlling transitions between the pleuripotent and differentiated states.
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epigenetic inheritance | pleuripotency | cell lineage | reprogramming M etazoan organisms epigenetically establish diverse cell types during both embryonic development and throughout adulthood by the differentiation of multipotent stem cells. Undifferentiated progenitors must be sufficiently flexible to support cell fate changes, but during differentiation they must acquire the propensity to stably propagate cell fate information (1, 2) . Gene expression in early embryos (3) and in cultured ES cells (4, 5) is often variable initially, but stabilizes as development proceeds. The behavior of early lineage cells compared with differentiating cells following transplantation, during in vitro culture, or artificial reprogramming all suggest indirectly that epigenetic stability increases during differentiation (6) . However, despite great improvements in our knowledge of chromatin-bound proteins, RNAs, and secondary modifications located genome-wide (7) , how the epigenetic stability of individual genes varies during differentiation has not been determined quantitatively.
Epigenetic information is defined as information propagated from mother to daughter cells that is not encoded by chromosomal DNA. Measuring epigenetic fidelity requires gene expression to be analyzed within a defined cell lineage (Fig. 1A) . Whether heritable changes in gene expression are due to the transmission of chromatin factors from mother to daughter DNA strands following replication (Fig. 1B) or to nucleo-cytoplasmic interactions that maintain gene networks is more difficult to distinguish (8) . Studies of position-effect variegation (PEV) in Drosophila demonstrate that variegated gene expression can serve as a powerful tool for analyzing epigenetic processes. Systematic screening for enhancers and suppressors of PEV identified many important genes that modulate chromatin compaction and gene silencing (9) . Genes expressed using the bipartite GAL4/UAS system also show variable expression levels (10) (11) (12) (13) . The basis of GAL4/UAS variegation has remained obscure, but we wondered if it could be used to assay epigenetic stability.
The follicle cells of the Drosophila ovary provide an ideal cell lineage for studying epigenetic stability during differentiation (Fig.  1C) . All of the follicle cells produced within each adult ovariole arise from just two follicle stem cells (FSCs) located near the middle of the anterior region known as the germarium, and these FSCs generate the longest known stem cell lineage in Drosophila (14, 15) . The FSCs divide to produce differentiating daughters that undergo eight more rounds of mitotic division followed by three endocycles over 4-5 days to generate a follicle's monolayer of ≈650 polyploid follicle cells comprising multiple subtypes (16) . Follicles bud from the germarium during stage 1, approximately five divisions downstream from the stem cell. Three to four mitotic cycles later in stage 6 divisions cease, and follicle cells switch to the endocycle until cycling terminates altogether during stage 10. The relatively uniform growth of nearly all follicle cells and absence of cell mixing keeps clonally related daughters together in a single patch and makes it possible to infer the time during development when a clone of a given size has arisen (14) (Fig. 1D, Inset) . In contrast, gene expression patterns within postmitotic ovarian follicle cells are exquisitely regulated by intercellular signaling (17) but show no evident relationship to cell lineage.
Results
Unstable EGFP Expression Is Not Caused by Gene Silencing. The bipartite GAL4/UAS system (10) has become one of the fundamental tools of Drosophila genetics. However, genes expressed from upstream activator sequence (UAS) constructs driven by GAL4 often show variegated expression (10) (11) (12) (13) (14) (Fig. 1D ). To characterize unstable GAL4/UAS gene expression in a defined stem cell lineage, we constructed females containing many combinations of GAL4 drivers and UAS-reporter genes and analyzed reporter expression in stage 10B follicle cells (Table S1 ). In 14 of 14 tested combinations, including a common GAL4 insertion driving each of three different UAS reporters (Fig. S1 A-C) , or three different GAL4 lines driving a common UAS insertion (Fig. S1 C, D , and H). EGFP was expressed in follicle cells in a nonuniform manner.
The general occurrence of EGFP variegation was apparent from examining these lines. For example, line c587, which has been widely used to study the germarium (18) , shows variegated EGFP expression in FSCs and early lineage cells (Fig. S1G) . Line R10H05 variegation is clearly apparent when expression begins in early follicles (Fig. S1F ). Other lines, such as 179Y and c768, do not express GAL4 until after follicle cell divisions are completed in stage 6, yet show variegation. Expression of GAL4 may be limited to a developmental pattern, such as anterior dorsal expression in line 55B, but within the region of expression variegation is observed (Fig. S1H) . Finally, high levels of GAL4 drive strong EGFP expression that seems more uniform, however, variegation remains in regions of lower expression (Fig. S1I) .
The best-characterized cause of variable gene expression in Drosophila is position-effect variegation, which occurs only when a euchromatic gene is relocated to chromosomal heterochromatin. We examined whether GAL4/UAS variegation likewise depends on an association with heterochromatin. We sequenced the genomic Author contributions: A.D.S. and A.C.S. designed research, performed research, analyzed data, and wrote the paper.
The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: spradling@ciwemb.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 1003180107/DCSupplemental.
DNA flanking the GAL4 and UAS constructs within all of the strains studied and found that their insertions are located in euchromatin ( Fig. 2A and Table S1 ). Thus, GAL4/UAS variegation differs from PEV because it does not require relocation to heterochromatin.
We next tested whether GAL4/UAS variegation responds to PEV modifiers. PEV results from the spreading of silent chromatin into the vicinity of the affected gene, and dominant suppressors, such as Su(var)3-9, encode enzymes that facilitate gene silencing. As a positive control, we identified a strain, PZ07128, in which the lacZ enhancer trap insertion undergoes PEV in follicle cells. We mapped the PZ07128 insertion near the centromeric heterochromatin of chromosome 3R ( Fig. 2A and Table S1 ). In the presence of Su(var)3-9, the fraction of PZ07128 follicle cells expressing lacZ increased from ∼50% to more than 90% ( Fig. 2 B-D) . In contrast, GAL4/UAS variegation was unaffected by Su(var)3-9 ( Fig. 2 B, E, and F). Mutating another PEV suppressor, Su(var)2-10 ( Fig. S3 F and G), adding extra heterochromatin (i.e., an XY chromosome) ( Fig. S3 D and E) , or raising the temperature ( Fig. S3 A and C) also suppressed the variegation of PZ07128, but not of GAL4/UAS lines. Consequently, GAL4/UAS variegation does not require an association with heterochromatin and does not respond to modifiers of PEV.
Silencing of tandemly repeated GAL4-binding sites in UAS constructs by methylation has been observed in zebrafish (19) . To investigate whether the 5× tandem repeat in the UAS constructs induces variegated expression, we constructed UAS-EGFP reporters that contained one or two copies of the repeat and introduced them into the genome at identical sites using phiC31-mediated recombination (Fig. 2I) . No expression was observed with the 1× repeat ( Fig.  2G ), but the 2× UAS construct showed variegation indistinguishable from that observed previously (Fig. 2H) . We concluded that multiple tandem UAS repeats are not necessary for variegated expression.
Variation in EGFP Expression Results from Unstable Epigenetic
Inheritance. The observed patterns of EGFP expression in stage 10 follicles were not random, but appeared to consist of a series of contiguous cell patches of various sizes, each of which expressed EGFP uniformly. If these patterns of variegation are due to epigenetic instability of gene programming, then the patches should arise from stable epigenetic inheritance in cell lineages punctuated by rare but heritable changes. Each group of adjacent, uniformly expressing stage 10 follicle cells should have been founded by an individual cell that underwent a shift in programming earlier in development.
To determine whether GAL4/UAS variegation arises in this lineage-dependent manner, we genetically induced lacZ-marked follicle cell clones within animals that also contained GAL4/UAS-EGFP constructs. If variegated EGFP expression is caused by imperfect epigenetic inheritance then lacZ and EGFP-expressing follicle cells will exhibit predictable relationships (Fig. 3A) . For example, if lacZ recombination marks a cell that has just acquired a new level of EGFP programming then the lacZ clone it produces will correspond to a contiguous patch of cells with uniform EGFP expression (Fig. 3A , upper clone). If lacZ recombination marks a cell within an already established EGFP patch then the clone it produces will fall entirely within a larger EGFP expression zone. In either case, subsequent EGFP programming changes that take place after lacZ clone induction will be entirely confined within the lacZ-marked region (Fig. 3A, lower clone) . In contrast, if EGFP expression levels are not clonally inherited, then the chance that these rules would hold across multiple expression zones and follicles is vanishingly small.
Applying this test clearly demonstrated that EGFP variegation in follicle cells arises from faithful epigenetic inheritance of EGFP expression punctuated by rare, heritable changes. We induced lacZmarked clones using a brief heat shock and scored clones 3.5 days later within follicles expressing c768-Gal4 driven UAS-EGFP(III). Patterns of cell lineage corresponded to zones of uniform EGFP expression in exactly the predicted manner (Fig. 3 B-F) . For example, the 22-cell clone in Fig. 3B corresponded precisely to a domain of low EGFP expression pattern (Fig. 3C ). All 37 scorable lacZ clones showed a similar, highly nonrandom correspondence to the EGFP expression zones (Fig. 3 C-F and SI Text). To calculate whether such a correspondence could have occurred by chance, we first considered the probability of the match in Fig. 3 B and C. The value just for this follicle must be less than 0.02, because the lacZ clone would cross expression boundaries if located at any other of more than 50 possible positions within the EGFP pattern. Similar computations for the other 36 follicles allowed us to conclude that the overall correspondence between EGFP expression and lineage could not have arisen by chance. Thus, EGFP patterns are generated by stable epigenetic inheritance of expression programming, punctuated by rare but heritable programming changes (SI Materials and Methods). Similar clonal marking studies using two different GAL4/UAS pairs showed that EGFP expression in these animals were also caused by unstable epigenetic inheritance (Fig. S2) . Epigenetic Stability Increases during Development. The wide range of clone sizes indicate that changes in gene programming occur throughout the follicle cell lineage. However, the frequency of epigenetic instability did not appear to be constant. For example, the last two divisions of the lineage (DIV 8 and DIV 9) comprise 75% of total divisions, but epigenetic changes during the last two divisions (which would generate one-cell and two-cell EGFP clones) were clearly less than 75% of total clones. To determine which divisions of the FSC lineage are most prone to epigenetic change, we calculated the "change probability," i.e., the chance at each division in the lineage that expression programming changed (SI Materials and Methods). Therefore, we counted the number and size of clones in surface regions of about 180 follicle cells on mounted S10B follicles from five different GAL4/UAS combinations ( Fig. 4A and Table S2 ). To ensure that the size of the clones was determined accurately, only clones that did not touch the edge of the scored region were counted. Each clone (of size 2 n ) represents one epigenetic change that took place n divisions before the final division (DIV9). The number of changes within the sample at a particular division, divided by the total number of cells generated at that division where a change could have been detected, represents the change probability. Using this approach, we could measure the change probability for DIV5-9.
These experiments show that GAL4/UAS epigenetic programming stabilizes significantly during follicle cell differentiation. For example, follicle cells from R10H05-Gal4/UAS-EGFP(III) females (Fig. 4B ) underwent heritable reprogramming 8-9% of the time during DIV5 or DIV6, but only 4.0% of the time in DIV 7, and 0.77% in DIV 8. Expression levels changed even less frequently (0.37%) by the last division and during the three subsequent endocycles. Thus, the stability of GAL4/UAS epigenetic programming increases 23-fold (8.9%/0.37%) just during the final four mitotic cell cycles of follicle cell development. This same large stabilization was seen in all 4 other GAL4/UAS combinations analyzed (Table S2 and Fig. S1 A-D) . Most of the lines studied did not express GAL4 or UAS-EGFP until after the completion of DIV9 in stage 6 (Table S1 ), obviating issues of GAL4 folding kinetics or perdurance. Thus, the relevant epigenetic programming must involve endogenous molecules and must take place before the onset of GAL4 and UAS-EGFP expression.
Stem Cells May Lack Epigenetic Inheritance Mechanisms. Programming changes arising during FSC division, or during the DIV2-DIV4 would generate clones too large to score reliably at stage 10B. Consequently, we also analyzed clones in stage 2-3 follicles from line R10H05-GAL4, which begins expression before this stage. EGFP expression patterns are weaker and harder to score in the diploid cells of early follicles. However, we were able to reconstruct clonal patterns throughout the entire follicular layer using twophoton imaging and 3D image reconstruction software (Fig. 4C and Table S3 ), and to calculate the change probability for DIV2-DIV5 (Fig. 4D) . The results obtained from stage 2-3 follicles are in good agreement with the results from stage 10B follicles (Fig. 4E) . These calculations revealed two striking facts. During DIV2, epigenetic instability was extremely high, 41% (Fig. 4D) . Consequently, when a DIV2 progenitor divides, GAL4/UAS programming is unlikely to be faithfully inherited within both daughters. Thus, DIV2 cells, which can enter the niche and function as stem cells (15) , may be unable to transmit epigenetic information effectively. During subsequent development, the chance of a programming change declined (Fig. 4E) . The difference in change probability between DIV 2 and DIV 9 was very large, more than 100-fold, indicating that the epigenetic status of early and late cells in the FSC lineage differs greatly. Stabilization appears to take place in two phases. Initially, instability declines ∼7-fold up to the time of follicle formation (DIV5), and a second wave of stabilization (amounting to ∼20-fold) takes place during the final mitotic divisions (DIV7-9).
Epigenetic Stability Changes Can Be cis-Acting. To investigate whether the epigenetic factors controlling GAL4/UAS programming act in cis or in trans, we analyzed stage 10B follicles from females containing single GAL4 drivers combined with two different UAS reporters, one producing EGFP and one producing dsRED (Fig. 5  A-C) . Changes in Gal4 expression (or in any other trans-acting factor) should cause EGFP and dsRED to vary in parallel (Fig. 5,  solid outline) . In contrast, changes specific to an individual UAS gene would affect red or green expression separately (Fig. 5A,  dashed outline) . The results showed that changes in trans-acting factors were partly responsible for epigenetic instability, as some yellow clones were observed. However, cis-acting mechanisms were also important because red or green clones of various sizes were common (Fig. 5 A-C) . Counting just this subset of clones demonstrated that the rate of cis-acting instability declines during follicle cell development with a similar profile to that seen for EGFP generally (Fig. 5D ).
S Phase Length Increases in Parallel with Epigenetic Stability. DNA replication initiates stochastically from many origins in early embryos but uses fewer, more ordered start points as differentiation proceeds (20) . Consequently, the length of S phase often increases during embryonic development. To look for changes in S phase length within the FSC lineage, we pulsed females with EdU (5-ethynyl-2′-deoxyuridine) and measured the fraction of follicle lineage cells that were labeled at different developmental stages (Fig. 6A) . Because the number of follicle cells is known at each stage, these measurements can also be presented in terms of FSC divisions. Strikingly, we observed that DIV 2-4 cells, where epigenetic stability is low, spend only ∼3 h in S phase but that, near the end of the lineage (DIV8-9), replication occupies more than 6 h (Fig. 6B) . Thus, the length of S phase increases steadily during follicle cell development, and a correlation exists between S phase length and epigenetic stability.
Discussion
Epigenetic inheritance underlies the ability of metazoan organisms to develop from zygotes into complex multicellular creatures. However, the amount of epigenetic information transmitted at different stages of cellular differentiation remains little known. We found that GAL4/ UAS variegation in Drosophila provides a quantitative assay of epigenetic inheritance and measured how epigenetic stability changes throughout the ovarian follicle stem cell lineage. Surprisingly, our results reveal that highly potent follicular progenitors cannot accurately transmit some types of epigenetic information. More than half of their daughters acquire seemingly random programming changes regardless of where the transgenes are inserted (Fig. 6C) . During subsequent differentiation, follicle cells increase their epigenetic competence more than 100-fold over the course of multiple mitotic (Table S2) 
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Graph showing the probability EGFP expression will change at the indicated division (Div#). Values represent total changes at a specific lineage division divided by the total number of cells generated at that division in the sample analyzed (SI Materials and Methods). cycles. These findings provide insight into fundamental processes underlying many aspects of biology and medicine. Stem cells often reside in niches that suppress differentiation and control proliferation by intercellular signaling (21) . Epigenetic incompetence might function as an additional mechanism to sustain highly potent cells. To exit the progenitor state, it would be necessary not only to overcome repression and activate differentiation gene expression, but also to up-regulate the epigenetic inheritance machinery so that a coherent unipotent genetic program can be sustained. Thus, the absence of robust epigenetic inheritance pathways would protect stem cells from transient differentiation gene activity caused by fluctuations in niche signals or by environmental perturbations.
The observations reported here provide a rationale for several perplexing observations about stem cells. Nuclear transfer succeeds in reprogramming early embryonic nuclei much more frequently than those from late embryos or adults (6, 22) . Our experiments suggest that the early nuclei are likely to be much more epigenetically unstable, increasing the chance that some will adopt a favorable initial state and facilitating reprogramming by oocyte factors. Pleuripotent stem cells can also be induced 300-fold more frequently with transcription factors when starting with early lineage cells such as hematopietic stem cells compared with differentiated B and T cells (23) , and the induction process is stochastic (24) . Epigenetic incompetence may also explain why gene expression in highly potent embryonic and cultured cells undergoes stochastic fluctuations (3) (4) (5) . Later in development, epigenetically inherited expression programming may be further refined by cell-cell signaling (Fig. 6E) . Gene expression in C. elegans L1 larval cells, which may represent an intermediate state in this process, still show variation that reflects embryonic cell lineage (25) .
The epigenetic processes assayed by GAL4/UAS variegation propagate expression programs with great fidelity for many cell generations. These mechanisms did not evolve to interact with GAL4/UAS constructs, but likely comprise basic cellular epigenetic machinery. They probably act at the chromosome level because changes were propagated in cis, but are unlikely to involve DNA methylation (26) . Spontaneous programming changes usually affected only one of two daughter chromosomes (Fig. 6D) . Mechanisms that program genome replication are attractive candidates for the epigenetic process assayed by GAL4 variegation. Changes in epigenetic stability and S phase length were correlated. Replication is known to transition from stochastic to ordered during Drosophila development, occurs throughout the genome, and has the potential to affect gene expression by determining the timing and orientation of fork passage relative to transcription (20, 27) . Currently, very little is understood about how patterns of replication initiation are programmed.
Regardless of the underlying epigenetic mechanism (Fig. 6F ), genes and pathways responsible for GAL/UAS epigenetic inheritance can likely be identified using Drosophila genetics. Like PEV (9), GAL4/UAS variegation provides an assay that can be used to identify dominant modifier genes. Poly(ADP ribose) polymerase (Parp) mutations were previously reported to enhance GAL4/UAS variegation, demonstrating the feasibility of this strategy (12) . Patterns of variegation in follicle cells quantitatively report both the magnitude and timing of epigenetic instability, so interacting genes may be identified even if their action is relatively weak or stage-specific. Consequently, the quantitative analysis of gene instability within defined stem cell lineages now promises to advance our understanding of how metazoan genomes operate epigenetically.
Materials and Methods
Drosophila Stocks. Flies were raised on standard food at 22°C. Drosophila genetic nomenclature is described in Flybase (flybase.bio.indiana.edu).
Microscopy. Ovaries were dissected, fixed, and stained with antibodies as described elsewhere (16) .
Clonal Analysis. Standard crosses were used to generate flies carrying the GAL4 and UAS constructs to be tested (on III), the hs-FLP transgene (on X), and the lacZ marking system (on II) as previously described (14) . Following heat shock at 37°C to induce clones, flies were cultured for 2-6 days before analysis to vary clone size.
DNA Replication Assay. Replicating DNA was labeled in vivo using 20mM EdU (Invitrogen). Freshly dissected ovaries were incubated with the analog in Grace's medium for 1 h before fixation and immunofluorescent staining.
Insertion Site Analysis. Sequences flanking GAL4 or UAS insertions were identified by plasmid rescue as described elsewhere (28) .
Cloning to 1× and 2× UAS Constructs. The number of GAL4 binding sites was reduced to one or two using oligonucleotide-mediated ligation. The modified genes were reintroduced into into the genome using the phiC31-mediated recombination as previously described (29) .
Materials and Methods. Primary rabbit or mouse anti-GFP antibodies (Torrey Pines or Invitrogen), or anti-βGAL (Promega) were used with appropriate goat secondary antibodies conjugated to Alexa488 or 568 (Invitrogen).
Detailed procedures can be found in SI Materials and Methods.
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